Dioecious weeds (separate sexes) may benefit from a maximized outcrossing and optimal sex-20 specific resource allocation but there are costs associated with the evolution of this breeding 21 system which can be exploited for long-term management of dioecious weeds. That is, seed 22 a larger extent than females giving rise to an anthesis mismatch as large as seven days between 33 the two sexes. Water stress induced a female sex expression in Kansas population giving rise to a 34 female to male ratio of 1.78 which significantly differed from the equal 1:1 sex ratio. Our data 35 provide the first evidence of sex lability and environment sex determination (ESD) in A. palmeri, 36 suggesting manipulation of sex expression and phenological asynchrony as novel tools for 37 ecological management of dioecious weeds. 38
production in dioecious species is contingent upon the co-occurrence and co-flowering of the 23 two genders and can be further complicated by biases in sex ratio. We therefore explored the sex 24 ratio and dimorphism in secondary sex characters in three populations of Palmer amaranth 25 (Amaranthus palmeri) from California, Kansas and Texas and tested if water stress can change 26 the sex expression and/or the synchrony of flowering (anthesis) between male and female plants. 27 Sex ratio (proportion of males) was balanced and did not deviate from 1:1 in all experiments and 28 populations (California, Kansas, Texas) when plants received normal watering. Male and female 29 plants of A. palmeri did not differ in timing of emergence, plant height and relative growth rate. 30
While the initiation of flowering (emergence of inflorescence) occurred earlier in males than 31 females, females preceded males in timing of anthesis. Water stress delayed anthesis in males to 32
In many dioicous species, male and female individuals have shown to differ in secondary sex 87 characters (i.e. traits other than the sex itself) related to morphology, physiology, life history and 88 phenology (reviewed in Geber et al. 1999 ; Juvany and Munné-Bosc 2015; Lloyd and Webb 89 1977) . Differences in progression of phenological events (e.g. timing of germination) can result 90 in temporal segregation of males and females, ultimately reducing the chance of successful 91 cross-pollination in a dioecious population. In fact, most dioecious species seems to be 92 protandrous i.e. males flower earlier than females (Forero-Montaña and Zimmerman 2010; 93 Forest 2014). As female's investment in reproduction is greater than males, it has been 94 hypothesized that females postpone flowering (reproduction) for longer period of resource 95 accumulation (Lloyd and Webb 1977; Purrington and Schmitt 1998) . This hypothesis has direct 96 implications for manipulative separation of flowering timing between the two sexes. That is, if 97 requirement for resource accumulation delays flowering in females, then environmental stresses 98 can further isolate the females, exacerbating the flowering mismatch between the two sexes. 99
In this study, we attempted to test the viability of exploiting the demographic handicap 100 associated with a unisexual breeding system (i.e. shift in sex ratio and phenological isolation) for 101 novel management of dioecious weeds. We used palmer amaranth (Amaranthus palmeri S. 102 Watson) as our dioecious model system. The species has been ranked as the worst weed in US 103 corn fields in a recent survey (Van Wychen 2017) and evolved resistance to six classes of palmeri in response to environmental stress (drought), and 3) test if the degree of flowering 110 synchrony between A. palmeri male and female plants can be affected by the environmental 111 stress (drought). As a proof of concept study, we used water stress for the sex change experiment 112 as this environmental factor has been found to affect sex expression in several plant species 113 (Freeman et al., 1980; Korpelainen, 1998 The aim of this experiment was to examine whether A. palmeri has undergone divergent 125 evolution in secondary sex traits related to growth and development. We therefore compared 126 male and female plants of A. palmeri for potential differences in emergence pattern, timing of 127 flowering and anthesis, plant height, and relative growth rate (RGR). By using three populations 128 7 sand:compost:peat:dolomite). We recorded the emergence time for each individual seed and then 133 transplanted the young plants (two-four leaf stage) into larger plastic pots (2.37 L) filled with a 134 soil mix (1:1 sand/peat) plus a controlled-release fertilizer (15-9-12, 150 g 75 L -1 ; Scotts 135
Osmocote PLUS, Mississauga, ON). Pots were randomly placed in a net house under natural 136 California-summer conditions and watered twice a day through an automated drip irrigation. 137
Plant height was measured three times (11 July, 23 July, and 24 September) during the season. (April-July and July-September in 2018) in a completely randomized design with 50 replicates 149 (plants) per treatment (water stress vs. well-watered control). About 10 seeds were sown in each 150 round plastic pot (2.37 L), filled with a soil mix (1:1 sand/peat) plus a controlled-release 151 fertilizer (15 -9 -12, 150 g 75 L -1 ; Scotts Osmocote PLUS, Mississauga, ON). Pots were placed 152 in a greenhouse set at a temperature of 32/22ºC (day/night) with a day length of 16 hours 153 provided through supplementary lighting between 5:00 to 9:00 am and 5:00 to 9:00 pm. Seedling 154 were thinned haphazardly several times to achieve one plant per pot by their four-leaf stage. 155 randomly assigned to well-watered or water deficit treatments. Well-watered plants received 157 water from four emitters inserted into the potting medium to deliver 65 mL of water min -1 for 158 two mins and twice per day (7 am and 2:00 pm). Water deficit treatment was achieved by 159 removing three out of four drip emitters from designated water stress treatment pots, reducing 160 the amount of water by approximately 75%. Additional irrigation (~100 mL twice per week) was 161 added to water deficit plants when severe visual stress symptoms were observed. Plants were 162 sexed by examining flowers for the presence of anther (in males) or stigma (in females). For 163 each plant we also measured time to flowering (inflorescences) and time to anthesis as described 164
in Experiment 1. 165 166
Statistical analysis 167
In Experiment 1, a binomial test (two-tailed) was used to test if the observed sex ratio in each 168 population statistically deviates from the expected 1:1 sex ratio (i.e. 50% male). Binomial test 169 was conducted by `binom.test()` function in `stats` package of R (R Core Team, 2018). Using a 170 t-test, male and female plants were compared for the secondary sex characters including time to 171 flowering (inflorescence), time to anthesis, plant height, and early stage RGR. Function `t.test()` 172 of 'stats' package (R Core Team, 2018) was used for the t-test analysis. The early stage RGR 173 was calculated based on the height gain between the first and second height measurements using 174 the following formula (Radosevich et al. 2007 
where H1 and H2 are plant heights measured at time t1 (11 July) and t2 (23 July), respectively (log 177 stands for natural logarithm). To explore difference in seedling emergence pattern between the 9 sexes, we fitted the following two-parameter logistic equation to cumulative emergence data of 179 A. palmeri using the `drm()` function of `drc` package (Ritz et al. 2016): 180
where E(t) is the cumulative emergence over time, t, t50 is time to 50% emergence while b 182 denotes the steepness of emergence curve around t50. 183
In Experiment 2, for each water treatment level we tested the deviation of sex ratio from 1:1 by 184 using a binomial test (two-tailed) as described above. final plant height for the three tested populations ( Figure 5 ). The only significant sexual 251 dimorphism in growth was related to the height-based RGR in Texas population. At the early 252 stage of growth, males of this population grew tall at a rate that was ~13% faster than females. 253
However, the male's faster initial growth did not translate into significant larger plants as males 254 attained a shorter stature (125.3 ± 3.78 cm) than females (133.3 ± 4.69 cm) at the end of growing 255 season. In the study of Webster and Grey (2015) plant height did not differ between A. palmeri 256 sexes either grown alone or in competition with cotton, but sex differential growth was detected 257 in other traits e.g. females had wider canopy and produced more than double the biomass of 258
To the best of our knowledge, our study provides the first case of a feminizing effect for water 272 stress: almost all previous work has reported a masculinizing effect for this stressor. Since 273 reproduction is more costly to females than males (Delph 1999; Meagher 1988), sex allocation 274 theory predicts that the environmental conditions conducive to plant growth should favor a 275 female sex expression while resource-poor environments should induce maleness (Charnov 276 1982) . Empirical data support the prediction of sex allocation theory. Reviews by Freeman et al. 277 (1980) and Korpelainen (1998) show that water stress has induced maleness in all 11 species 278 (five dioecious and six monoecious) that have been tested for potential sex change in response to 279 draught. Limited field surveys have also recorded overrepresentation of males in resource-poor 280 habitats whereas females were more abundant in benign habitats (Policansky, 1981; Lovett 281 Doust and Cavers 1982). The observed overrepresentation of males under stressful environments 282 may be due to a sex differential mortality rather than being the result of an actual sex change. 283
Most studies on sex ratio, however, lack the capacity to disentangle these two processes i.e. sex 284 lability vs. sex-differential survival. By randomly thinning seedlings (with no bias towards 285 selection of vigorous seedlings), our study was able to rule out differential mortality as the 286 potential driver of shift in sex ratio. In our experiments, only two plants (one per water treatment 287 in Kansas population) died over the course of experiment. 288
Time to Flowering and Anthesis. Flowering phenology was recorded for plants from California 289
and Kansas populations grown under different irrigation regimes. Similar to Experiment 1, the 290 initiation of flowering happened earlier in males than females with water stress having no effects 291 on the flowering sequence between the two sexes ( Figure 7) . However, water stress slightly 292 delayed flowering, almost to the same extent, in both male and female plants giving rise to a 293 more temporally staggered flowering pattern as compared with the control. Consistent with 294 experiment (Experiment 2; Figure 8 ). Sex-differential responses to water stress were observed 296 with the timing of anthesis: water stress distorted the frequency distribution of anthesis timing to 297 a larger extent in males than females (Figure 8 ). Time to anthesis nearly followed a unimodal 298 distribution in both sexes when plants received normal irrigation but became multimodal and 299 "wavy" when plants were exposed to water stress. Anthesis was much synchronized between 300 male and female plants of A. palmeri under normal watering but the two sexes became more 301 separate (i.e. less overlapping in anthesis) with water stress. In both populations, the difference 302 between males and females in median time to anthesis (arrows in Figure 8 ) was only two days in 303 control but extended to seven days in water-stressed plants. The increased asynchrony between 304 the two sexes was mainly driven by a differential response of the sexes to water stress. While 305 water stress delayed anthesis in both sexes, the delay in males was much longer than females 306 (Lloyd and Webb 1977; Forest, 2014). As females need to produce seeds, they may undergo an 319 extended period of resources accumulation to ensure sufficient assimilates will be available for 320 allocation to seeds (Lloyd and Webb 1977; Purrington and Schmitt 1998). As a result, stress was 321 proposed to exert a stronger effect on the flowering phenology of females than that of males; a 322 hypothesis that was not supported by our data. 323 324 Implications for weed management 325
Our study showed that sex can be labile in A. palmeri and change in response to external 326 environmental conditions (here water stress). Sex lability can be exploited as new tool for long-327 term management of A. palmeri (and other dioecious weeds): by shifting the sex ratio towards 328 the extremes we might be able to reduce seed production and hence suppress the population 329 growth. A variety of external factors can be used to shift sex towards the desirable direction (e.g. 330 plant hormones, nutrient and water management, light intensity, and herbicides) but currently we 331 have no information about the effects of these factors on the sex expression of A. palmeri. 332
Increasing the number of males might offer a more viable and safer management option as males 333 do not contribute to seed production. However, if the population is severely pollen limited, 334 increase in the share of females may also reduce the seed production capacity of population. A 335 quantitative understanding of the relation between thee sex ratio and seed output is needed to 336 determine the proper sex conversion strategy that can potentially disrupt seed production. 337
Our study clearly demonstrated that water stress can result in temporal separation of the two 338 sexes in A. palmeri, offering a potential means for ecological management of this weed and 339 perhaps other dioecious weeds. Asynchrony in timing of anthesis can reduce the chance of cross pollination and hence reduce seed production in unisexual weeds such as A. palmeri and 341 common waterhemp (A. tuberculatus (Moq.) J. D. Sauer). While the direct (negative) effect of 342 water limitation on seed production is well understood, our study suggests a novel mechanism 343 through which water stress (and perhaps other stressors) can reduce seed production indirectly by 344 exacerbating the flowering/anthesis mismatch between the sexes in a dioecious weed. Future 345 work should attempt to disentangle the direct effects of environmental stressors form their 346 indirect effects on seed production, a subject which was out of the scope of the current study. 
